Context: Both acromegaly and adult growth hormone deficiency (GHD) are associated with increased fracture risk. Sufficient data are lacking regarding cortical bone microarchitecture and bone strength, as assessed by microfinite element analysis (µFEA). Objective: To elucidate both cortical and trabecular bone microarchitecture and estimated bone strength in men with active acromegaly or GHD compared to healthy controls. Design and subjects: Cross-sectional study at a clinical research center, including 48 men (16 with acromegaly, 16 with GHD and 16 healthy controls). Outcome measures: Areal bone mineral density (aBMD), cortical and trabecular bone microarchitecture and estimated bone strength (µFEA) at the radius and tibia. Results: aBMD was not different between the 3 groups at any skeletal site. At the radius, patients with acromegaly had greater cortical area (P < 0.0001), cortical thickness (P = 0.0038), cortical pore volume (P < 0.0001) and cortical porosity (P = 0.0008), but lower trabecular bone density (P = 0.0010) compared to controls. At the tibia, patients with acromegaly had lower trabecular bone density (P = 0.0082), but no differences in cortical bone microstructure. Compressive strength and failure load did not significantly differ between groups. These findings persisted after excluding patients with hypogonadism. Bone microarchitecture was not deficient in patients with GHD. Conclusions: Both cortical and trabecular microarchitecture are altered in men with acromegaly. Our data indicate that GH excess is associated with distinct effects in cortical vs trabecular bone compartments. Our observations also affirm the limitations of aBMD testing in the evaluation of patients with acromegaly.
Introduction
Growth hormone (GH) activates both bone formation and resorption via direct and indirect effects on the skeleton (1) . Insulin-like growth factor 1 (IGF-I), secreted in response to GH stimulation, mediates many of the effects of GH on bone, acting in an endocrine and paracrine manner (1) . A host of other factors, including parathyroid hormone (PTH) whose secretion is modulated by GH, regulate IGF-I expression in osteoblasts (1) .
Patients with acromegaly are at increased risk of vertebral fractures (2, 3, 4) . Of note, the findings of a metaanalysis have identified men with acromegaly as being at higher risk for fracture than women, but did not include any data on bone microarchitecture (2) . Among patients with acromegaly, those with hypogonadism also appear to be at higher fracture risk than those who are eugonadal (2) . Published data on areal bone mineral density (aBMD) in patients with acromegaly have been conflicting. Indeed, different studies have variably reported normal, increased or decreased aBMD in patients with acromegaly (1, 2) . These findings have been confounded by the presence of hypogonadism in a subgroup of these patients, which may independently contribute to bone loss (1, 2) . There appears to be no correlation between aBMD and fracture risk in acromegaly, suggesting that aBMD is not adequate in the skeletal assessment of these patients (2) . Patients with acromegaly have been reported to have impaired trabecular bone microarchitecture (5) . However, this study did not include any data on the estimated bone strength in this population and analyzed data in patients of both genders in aggregate. In addition, adequate data on detailed cortical microarchitecture in patients with acromegaly are lacking, based on available reports.
Hypopituitary adults with GH deficiency (GHD) are also at increased fracture risk (1, 6, 7) . Some, but not all, studies of hypopituitary adults with unreplaced GHD have found that their aBMD is decreased in the central and appendicular skeleton in comparison with age-and gender-matched controls (8, 9) . Of note, GH replacement increases aBMD in adults with GHD who have been treated for longer than 18-24 months (10) . However, there appears to be no association between aBMD and fracture risk in adults with GH deficiency (1) . There are no data on microarchitecture or the mechanical properties of bone in adults with GHD. In aggregate, available data do not adequately explain the structural basis for increased bone fragility in adult patients with GH excess or deficiency.
To further elucidate the basis for the increased fracture risk associated with GH excess or deficiency, we studied the bone microarchitecture and estimated bone strength in adults with acromegaly or adult GHD in comparison with healthy controls. In the present study, we hypothesized that deficiencies in trabecular and/or cortical compartments are present in patients with chronic GH excess or deficiency. To avoid the potential confounding effects of menopause-related bone loss and gender-dimorphic variations in bone microarchitecture, we limited enrollment to men in the present study.
Patients and methods

Inclusion-exclusion criteria
Adult men, aged 20-55 years, were eligible to participate in the study, if they had active acromegaly (including elevated serum IGF-I levels at study entry) or unreplaced GHD as a consequence of hypopituitarism, or if they were generally healthy (serving as healthy controls). The diagnosis of acromegaly was abstracted from the medical record and was based on typical symptoms, elevated serum IGF-I levels and radiographic evidence of a pituitary adenoma. Patients with acromegaly were eligible to participate regardless of whether they had a history of previous pituitary surgery, provided that persistent GH excess was present postoperatively through the time of study. The diagnosis of acromegaly was supported by histologic evidence of a GH-secreting adenoma in patients who had undergone pituitary surgery before study entry. Adult patients with hypopituitarism, caused by sellar masses or traumatic brain injury, were considered to have GHD if they met the diagnostic criteria of the GH Research Society (11) . These criteria include one of the following: peak growth hormone <3 ng/mL on glucagon or insulin stimulation testing or body mass index (BMI)-adjusted GH cutpoints on GH-releasing hormone (GHRH)-arginine stimulation testing as follows: if BMI <25 kg/m 2 , peak growth hormone <11.5 ng/mL; if BMI: 25-30 kg/m 2 , peak growth hormone <8 ng/mL; if BMI >30 kg/m 2 , peak growth hormone <4 ng/mL or low age-adjusted serum IGF-I levels in the presence of ≥3 additional pituitary hormone deficiencies. Data on the results of GH stimulation testing were abstracted from the patients' medical record. Healthy controls were also recruited, whose chronologic age was within 5 years from the age of individual patients with acromegaly or GHD.
Subjects were excluded if they met any of the following criteria: onset of pituitary disease before age 18 years, history of Cushing's syndrome, history of treated acromegaly (in the GH deficient group), primary hyperparathyroidism, GH replacement within the past 12 months (or during childhood/adolescence), bisphosphonate therapy, chronic liver or kidney disease, supraphysiologic glucocorticoid therapy within the past year (prednisone >5 mg/daily or hydrocortisone >25 mg/daily), use of other medications that may have negative effects on bone mass, history of organ transplant, gastrectomy or gastric bypass surgery, immobility, regular endurance exercise (running >20 miles/week), eating disorder; BMI <18 kg/m 2 or body weight >159 kg (350 lb).
Study procedures
The study was approved by the Partners HealthCare Institutional Review Board. Patients were recruited through outpatient MGH clinics or local advertisements. Every effort was made to consecutively enroll all eligible patients. However, one eligible patient with acromegaly and two patients with GHD declined to participate for personal reasons. Written informed consent was obtained from eligible study subjects after the nature of the study and related procedures were fully reviewed and discussed. Study subjects were evaluated as outpatients at the MGH Harvard Catalyst Clinical Research Center and the MGH High Resolution Peripheral Quantitative Computed Tomography Core facility.
Information regarding prevalent fracture was obtained from the medical records as well as through patient interview. Data on calcium intake, smoking, alcohol use and physical activity were obtained using standardized, validated questionnaires (12) .
Endocrine testing
Serum IGF-I was measured by liquid chromatographytandem mass spectrometry (LC/MS-MS) with a detection limit of 4 ng/mL and intra-assay coefficient of variation (CV) of up to 3.3% (13) . Serum calcium, 25 hydroxy-vitamin D, PTH, free T4, prolactin, (morning) testosterone, estradiol, sex hormone-binding globulin (SHBG), osteocalcin and C-terminal peptide of type 1 collagen (CTX) were assayed using laboratory immunoassays at a commercial laboratory (LabCorp, Burlington, NC, USA). Immunoassays used were as follows: 25 hydroxy-vitamin D was measured with a competitive immunoassay (DiaSorin, Stillwater, MN, USA) with a detection limit of 9.9 nmol/L and CV between 2.9 and 5.5%; PTH was measured with a two-site immunoassay (Elecsys, Roche Diagnostics North America) with a detection limit of 0.13 pmol/L and CV between 1.5 and 2.7%; free T4 was measured with a competition immunoassay (Cobas, Roche Diagnostics North America) with a detection limit of 0.6 pmol/L and CV between 0.9 and 4.0%; prolactin was measured with a two-site immunoassay (Elecsys, Roche Diagnostics North America) with a detection limit of 2.0 pmol/L and CV between 1.8 and 4.0%; (total) testosterone was measured with a competition immunoassay (Cobas, Roche Diagnostics North America) with a detection limit of 0.087 nmol/L and CV between 1.4 and 4.7%; estradiol was measured with a competition immunoassay (Cobas, Roche Diagnostics North America) with a detection limit of 18.4 pmol/L and CV between 1.6 and 5.7%; SHBG was measured with a two-site immunoassay (Cobas, Roche Diagnostics North America) with a detection limit of 0.35 nmol/L and CV between 2.1 and 2.7%; osteocalcin was measured with an enzyme immunoassay (Immunodiagnostic Systems, Inc, Fountain Hills, AZ, USA) with a detection limit of 0.5 µg/L and CV between 1.3 and 2.2% and CTX was measured with a two-site immunoassay (Immunodiagnostic Systems, Inc) with a detection limit of 0.02 µg/L and CV between 2.1 and 4.9%. Serum calcium was measured using a photometric method (Cobas, Roche Diagnostics North America) with a detection limit of 0.2 mmol/L and CV between 1.8 and 2.9%.
Bone mineral density and body composition
Areal BMD and body composition were assessed by dualenergy X-ray absorptiometry (DXA), including scans of the posterior-anterior lumbar spine, total hip, one-third distal radius and total body (Hologic 4500A, Hologic Inc, Waltham, MA, USA). The CV for DXA parameters ranged between 0.8 and 2.1% (with the lowest figures pertaining to the lumbar spine and the highest figures for the hip). Estimated radiation exposure for a DXA scan was 31 μSv.
Bone microarchitecture and estimated bone strength
Cortical and trabecular bone density and microarchitecture were examined at the distal radius and tibia using highresolution peripheral quantitative computed tomography (HR-pQCT, XtremeCT, Scanco Medical AG, Brüttisellen, Switzerland). During image acquisition, the nondominant forearm or leg of the study subject was placed in an anatomically formed carbon fiber shell and an anteroposterior scout view was used in order to manually place a reference line at the endplate of the radius or tibia. The first CT slice was acquired 9.5 mm proximal to the reference line of the distal radius and 22.5 mm proximal to the reference line of the distal tibia. Scans were acquired at 82 µm isotropic voxel size. At each site, 110 CT slices were acquired extending ~9 mm axially. The effective radiation dose was <5 µSv per measurement.
Bone microarchitecture parameters were determined using semi-automated software. The short-term reproducibility ranged between 0.2 and 1.7% for density data and 0.7-8.6% for microarchitecture data, as previously described (14) . Microfinite element analysis (µFEA) was performed using the HR-pQCT images to estimate radius and tibia strength, as previously described (15) . Using dedicated software, each bone voxel was converted to a hexahedral finite element with linear elastic and isotropic material behavior, having Young's modulus of 10 GPa and Poisson's ratio of 0.3. Failure load was estimated by scaling the resultant load from 1% apparent compressive strain until 2% of all elements reached an effective strain exceeding 7000 µstrain (16) . The (intra-subject) CV was 2.7% (failure load) and 3.0% (compressive stiffness).
Statistical analysis
Statistical testing was conducted using JMP Pro 13.0.0 (SAS Institute, Inc, Cary, NC, USA, 2016). The following power calculations were conducted (based on data on bone microarchitecture in another study population) (17) : with 48 patients, we estimated a 95% probability of detecting a difference in trabecular bone density of 19 mg HA/cm 3 between the study groups at a significance (alpha) level of 0.05 with a standard deviation of 33 mg HA/cm 3 . The Shapiro-Wilk test was used to examine whether distributions were normal. Continuous data that were normally distributed were analyzed using analysis of variance (ANOVA) followed by the Tukey-Kramer test for pairwise testing, if overall significance testing showed P < 0.05. The Wilcoxon test was used to analyze data that were not normally distributed. Additional adjustments for multiple comparisons were not indicated, since a preliminary test of overall (global) significance was employed between the 3 groups (18). Nominal data were analyzed using the chi square or Fisher's exact test (as appropriate). Further adjustments for multiple comparisons were not performed, since bone outcomes were likely highly intercorrelated, making such adjustments overly conservative. Regression analyses, including mixed models and standard least square regression models were used to adjust for potential confounders. Multivariate, forward stepwise linear regression analyses were used to identify predictors of bone microarchitecture. Data are presented as mean values and standard error of the mean (s.e.m.) or median and range (as appropriate). Data on aBMD are presented as absolute values and Z scores; data on bone microarchitecture are presented as absolute values. P values <0.05 are considered as statistically significant.
Results
Demographic, clinical and endocrine data
General characteristics of the study population are shown in Table 1 . A total of 48 male subjects were recruited and completed the study, including 16 patients in each group (acromegaly, GH deficiency, healthy controls). There was no difference in chronologic age, age at diagnosis of pituitary disease (when applicable), body weight or height, prevalent fracture, daily estimated calcium intake, smoking history, alcohol use or exercise between the groups. All fractures were considered to be traumatic.
As a consequence of study design, the interval between the diagnosis of abnormal GH secretion and study visit was shorter in patients with (active) acromegaly than in those with GHD. However, the duration of exposure to GH excess cannot be ascertained based on our data; it is likely that patients with acromegaly had GH excess for several years before enrollment. Nine patients with acromegaly had pituitary surgery before enrollment, but all had persistent GH excess postoperatively. Patients with acromegaly had higher BMI than those in the other 2 groups. One patient with acromegaly had type 2 diabetes mellitus. Patients with acromegaly had higher serum levels of IGF-I, calcium and biomarkers of bone turnover (osteocalcin and CTX), but lower serum levels of testosterone and SHBG. All calcium levels were within the normal range. Three patients with acromegaly had central hypogonadism and were not receiving testosterone replacement at study enrollment (in consultation with their treating physician).
Patients with GHD were more likely than those with acromegaly to have central hypogonadism, hypothyroidism or hypoadrenalism or to have received pituitary radiotherapy. Ten out of 16 patients with GH deficiency had previously received GH replacement for 41.9 ± 11.9 months, but had been off GH replacement for 59.6 ± 23.2 months before study entry.
Areal bone mineral density and body composition
Data obtained by DXA are shown in Table 2 . There was no difference in aBMD at any of the skeletal sites measured between the groups. The fat free (lean) body mass was 26.5% higher in patients with acromegaly in comparison with controls.
Bone microarchitecture and µFEA of the radius
Data obtained by HR-pQCT of the radius are shown in Fig. 1 and Table 3 . Patients with acromegaly had more favorable cortical morphology, including higher cortical area (+35.8%), cortical perimeter (+8.5%) and cortical thickness (+23.6%). On the other hand, patients with acromegaly also had cortical pore volume (+152.1%) and cortical porosity (+70.8%) in comparison with controls. The ratio of cortical area to total cross-sectional area was significantly higher (P = 0.0072) in patients with acromegaly (0.26 ± 0.02) in comparison with patients with GHD (0.19 ± 0.01) and controls (0.21 ± 0.01). In contrast, trabecular bone density and trabecular thickness were, respectively, 21.4% and 16.5% lower in patients with acromegaly in comparison with controls. There were no significant differences between patients with GHD and controls. There were no differences between patients with GHD who had previously received GH replacement and those who had not (data not shown).
Representative images of the left (non-dominant) radius of 3 study subjects (1 from each group) are shown in Fig. 2 . The compressive stiffness and failure load were not significantly different between the groups. These findings persisted in additional analyses after either excluding men with hypogonadism or after statistical adjustments were made for serum testosterone levels or BMI (Table 3 ). Sensitivity analyses that excluded 1 patient with diabetes mellitus did not influence these findings (data not shown). (1 patient); prolactinoma (4 patients); craniopharyngioma (2 patients); germinoma (1 patient); traumatic brain injury (2 patients); **the following tests were used to diagnose GH deficiency: glucagon stimulation (4 patients); insulin tolerance (1 patient); GHRH-arginine (8 patients); low serum IGF-I and 3 or more additional pituitary deficiencies (3 patients); ***values represent median (25th percentile, 75th percentile). BMI, body mass index; CTX, C-terminal peptide of type 1 collagen; GH, growth hormone; IGF-I, insulin-like growth factor I; NA, not applicable; NS, not significant; PTH, parathyroid hormone; SHBG, sex hormone-binding globulin; T4, thyroxine.
Bone microarchitecture and µFEA of the tibia
Data obtained by HR-pQCT of the tibia are shown in Table 4 . Overall, there were fewer significant differences in bone microarchitecture between patients with acromegaly and controls at this skeletal site. Trabecular bone density was 17.1% lower in patients with acromegaly in comparison with controls. There were no significant differences between patients with GHD and controls. There were no differences between patients with GHD who had previously received GH replacement and those who had not (data not shown). The compressive stiffness and failure load were not significantly different between the groups. These findings persisted in additional analyses after either excluding men with hypogonadism or after statistical adjustments were made for serum testosterone levels or BMI (Table 4 ). Sensitivity analyses that excluded 1 patient with diabetes mellitus did not influence these findings (data not shown).
Associations between bone microarchitecture and hormone levels
On multivariate analysis, serum IGF-I level was a (positive) predictor of cortical area (β = 0.0355, P = 0.0019), cortical perimeter (β = 0.0107, P = 0.0035), cortical thickness (β = 0.0003, P = 0.0229), cortical pore volume (β = 0.0393, P = 0.0001), cortical porosity (β = 0.0035, P < 0.0001) at the radius, after adjusting for age, BMI and serum testosterone levels. Serum IGF-I level was a (negative) predictor of trabecular bone density (β = −0.0405, P = 0.0322) at the radius, after adjusting for age, BMI and serum testosterone levels. Serum IGF-I level was a (negative) predictor of trabecular bone density (β = −0.0391, P = 0.0264) at the tibia, after adjusting for age, BMI and serum testosterone levels.
Discussion
In the present study, we identified significant alterations in both cortical (increased cortical porosity and increased cortical thickness) and trabecular (decreased trabecular density and thickness) bone microarchitecture and presented novel data on HSA and microfinite element analysis of the radius of men with acromegaly studied in comparison with healthy controls. Our findings on cortical microarchitecture, HSA and estimated strength have not been previously reported. Impairments in bone microarchitecture likely translated into impaired trabecular bone strength. Our findings persisted after adjusting for BMI, consistent with the hypothesis that GH excess may influence trabecular bone microarchitecture. Of note, there were fewer differences in bone microarchitecture in the tibia than the radius. It is possible that weight bearing (in the tibia) may mitigate the deficits in bone microarchitecture identified in the radius of patients with acromegaly. In aggregate, these novel findings help elucidate the abnormalities in the structure and mechanical properties of bone in patients with acromegaly. Our observations also affirm the limitations of aBMD testing, a technique that does not assess cortical and trabecular compartments separately, in the evaluation of patients with GH excess. Growth hormone and IGF-I increase both bone formation and resorption, as evidenced by the increased bone biomarkers in patients with acromegaly studied in the present report as well as in previous studies (1) . However, the effects of GH excess are not uniform across skeletal compartments. Our findings indicate that GH excess is associated with an increase in cortical area and thickness but also an increase in cortical porosity, likely reflecting increased bone turnover. Indeed, the increase in cortical perimeter with comparable trabecular area suggests increased periosteal apposition in acromegaly.
On the other hand, the increase in cortical porosity also indicates increased bone resorption in cortical bone. In contrast, the lack of difference in trabecular number suggests that there is no increase in bone resorption in the trabecular compartment in acromegaly.
Despite the increase in cortical porosity, the estimated compressive stiffness and failure load were not significantly different between patients with acromegaly and healthy subjects, suggesting that the increase in cortical area and thickness may have compensated for the increase in cortical porosity and decreased trabecular bone density. However, it is conceivable that bones with a higher proportion of trabecular bone (such as vertebrae) are structurally deficient in patients with acromegaly as a consequence of decreased trabecular density and possibly decreased trabecular number. This would explain the increased risk for vertebral (but not appendicular) fractures reported in patients with acromegaly (2). More research is needed to fully elucidate this issue.
Previously published data have suggested that adults with acromegaly have impaired trabecular bone microarchitecture in the appendicular skeleton, but did not include detailed cortical analysis, HSA or microfinite element analysis (5) . In another study, both cortical and trabecular volumetric BMD were reported to be decreased in the proximal femur of patients with acromegaly (19) . Our findings are broadly consistent with these observations on trabecular microarchitecture, but also provide important novel insights into cortical microarchitecture and the mechanical properties of bone in patients with active acromegaly. Maffezzoni et al. recently reported on bone microarchitecture in patients with acromegaly. In their study, cortical abnormalities were not found in the entire study population in comparison with controls, but were reported in patients with acromegaly and vertebral fractures studied in comparison with those who did not have fractures (20) . Malgo et al. identified abnormalities in impact microidentation in patients with acromegaly, suggesting deficient cortical bone properties in this population (21) . Of note, serum IGF-I levels have been associated with cortical area in obese men without GH excess (22) . In our study, the association between serum IGF-I level and cortical area persisted after adjusting for BMI, suggesting an independent role for GH influencing cortical bone microarchitecture in patients with acromegaly.
In addition to the presence of hypogonadism in a subgroup of patients with acromegaly, serum calcium levels were higher (albeit within the normal range) and serum SHBG levels were lower in acromegaly compared to controls in agreement with previously published observations (23, 24) . The alterations of bone microarchitecture and estimated strength in patients with acromegaly reported in the present study remained robust after excluding patients with hypogonadism or after adjusting for serum testosterone levels, indicating that these deficiencies are not a consequence of testosterone deficiency. Hypogonadism has been associated with decreased aBMD and increased fracture risk in patients with acromegaly (2, 25) .
Another strength of the present study involves the assessment of individuals with active GH excess (rather than controlled acromegaly) at the time of evaluation. Furthermore, gender-specific comparisons were made between patients with abnormal GH secretion and healthy controls in the present investigation. This aspect of study design helped us avoid potential bias, which could have been introduced if patients of both genders were analyzed together. This is of importance, since there are well-documented differences in bone microarchitecture between women and men (26, 27, 28) .
Of note, GHD was not associated with significant abnormalities of bone microarchitecture or strength in the present study, which cannot be explained on the basis of testosterone levels, since these were not different between patients with GHD and controls. It is possible that differences in bone microarchitecture or strength may still exist between men with GHD and healthy individuals, but are of smaller magnitude than those between patients with acromegaly and healthy subjects, and thus could not be detected in a study of our sample size. It is also possible that any abnormalities in bone microarchitecture or strength in men with GHD were blunted by the effects of previous GH replacement, which had been administered in a subgroup of our patient population (even though there were no statistically significant differences between patients with GHD who had previously received GH replacement and those who had not). Published data suggest that aBMD may continue to increase for 18 months after the cessation of GH Data and P values shown within parentheses represent estimates after excluding subjects with hypogonadism. When several P values are listed in the same cell, these represent data from unadjusted analyses, followed by analyses excluding patients with hypogonadism (within parentheses), followed by analyses adjusting for serum testosterone levels. Additional analyses adjusting for BMI did not change the statistical significance of these findings (not shown). HA, hydroxyapatite; NA, not applicable; NS, not significant.
replacement in adults with GHD (29) . However, there are no published data on the effects of GH replacement on bone microarchitecture in adults with hypopituitarism. Limitations of the present study include its crosssectional nature, which does not allow us to infer causality. In addition, our study did not assess bone microarchitecture in the central skeleton, including the spine. It should be noted that the µFEA data are limited to bone compression. In addition, these analyses assume no abnormality in the degree of bone mineralization. Data on morphometric vertebral fractures are not available in the present study, as vertebral imaging was not obtained. By design, our study enrolled only men. Further studies are needed to examine the effects of GH excess or deficiency on bone microarchitecture and estimated strength in women. Studies of larger size will be needed in order to further investigate possible abnormalities of bone microarchitecture in GHD. Our study was not designed to distinguish between effects on bone microarchitecture mediated by GH itself vs those mediated by IGF-I in patients with acromegaly.
Additional studies are also needed in order to characterize bone microarchitecture in patients with monogenic GHD due to genetic etiologies or compare bone microarchitecture in patients with GHD and anorexia, which is characterized by GH resistance.
In conclusion, our findings indicate that acromegaly is associated with alterations in both cortical and trabecular bone microarchitecture without changes in estimated bone strength in the radius or tibia of men. In this population, the microarchitecture of trabecular bone is impaired, which may influence these patients' fracture risk. Studies in women as well as longitudinal studies in patients of both genders are needed in order to further elucidate the relationship between bone microarchitecture or estimated strength and fracture risk in patients with GH excess.
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